ABSTRACT
INTRODUCTION
Mitochondria of mammalian tissues contain a potent DNA endonuclease activity that only becomes evident once the mitochondrial (mt) membranes are disrupted by detergents. The mtDNA endonuclease, like other enzymes involved in the metabolism of mtDNA, is encoded by a nuclear gene and imported into the mitochondrion. The few polypeptides encoded within the mammalian mtDNA are all subunits of known enzymes of the respiratory chain complexes (I). Our laboratory has previously purified this mt endonuclease to near homogeneity from isolated mitochondria of adult bovine heart and partially characterized the biochemical properties of the enzyme (2) . The purified bovine-heart mt endonuclease appears to be a homodimer of a 29-kDa polypeptide. Once released from the disrupted organelle, the endonuclease is soluble and will extensively degrade the endogenous mtDNA, as well as exogenous, undamaged single-stranded (ss) and duplex DNAs in vitro. This activity requires Mn 2+ or Mg 2+ and is highest when the ionic strength of the reaction mixture is kept low. Within the mitochondrion, the enzyme is likely associated with the inner membrane, possibly at a site of attachment with the mtDNA (unpublished results). Treatment of the mitochondria with 1-2% Triton X-100 for example, is needed to maximize the release of the endonuclease. Furthermore, the purified enzyme has been found to be stimulated 10-to 20-fold by phosphatidylcholine and phosphatidylethanolamine in vitro (3) , an effect characteristically seen only with enzyme activities of the inner membrane compartment.
In terms of these properties, the bovine mt endonuclease would appear to closely resemble the major DNA endonuclease activity found in mitochondria of Neurospora crassa (4, 5) , Saccharomyces cerevisiae (6) (7) (8) (9) (10) and Drosophila melanogaster (11) , as well as the mtDNA endonuclease activity identified earlier in rat liver (12) , and subsequently in a cell line of a mouse plasmacytoma (13) . Despite the similarity among these activities, however, the bovine (2), rat and human (14) mt DNA endonucleases do show some significant differences with the Neurospora and yeast enzymes that question whether the enzyme performs an identical function in both lower and higher eucaryotes. These differences are seen in terms of the manner in which the enzymes both degrade duplex DNA and attack the nucleotide sequence. While the Neurospora (15) and yeast (10) endonucleases nick duplex DNA and then degrade nicked duplex DNA in an exonucleolytic manner yielding long single-stranded gaps in the substrate, the bovine mt endonuclease seems to lack exonuclease activity and only degrades duplex DNA endonucleolytically, producing short oligonucleotides that are acid soluble. Furthermore, the bovine (16) . rat and human (14) mt endonucleases attack the nucleotide sequence in a highly non-random fashion and show an unusually * To whom correspondence should be addressed strong preference to nick a single sequence tract within mammalian mtDNA. This site is an evolutionarily conserved sequence of twelve consecutive guanine and complementary cytosine residues (17) , called conserved sequence block (CSB-II), that resides just upstream from the origin of mtDNA replication in the non-coding, so-called displacement loop region. In contrast, the Neurospora enzyme preferentially nicks in the middle of AGCACT and related sequences (15) , whereas the yeast mt endonuclease attacks the nucleotide sequence randomly.
Remarkably, the avid nicking of the CSB-II sequence tract in mtDNA by the mammalian mt endonuclease strongly resembles the nicking specificity of a known nuclear DNA endonuclease from vertebrate cells called Endonuclease G (18) . Although the bovine mitochondrial endonuclease and nuclear Endonuclease G activities had not previously been compared directly, several published findings had initially suggested that the enzymes were in fact different. First identified in nuclear extracts of chicken erythrocytes (18) , subsequently purified from calf thymus nuclei and shown to be a homodimer of an =26-kDa polypeptide (19) , Endonuclease G had been reported to only selectively nick within long runs of consecutive guanine residues that reside in the upstream sequence domains of some nuclear genes. In addition, trie enzyme had been found to be released from nuclear chromatin using a treatment with moderate salt, and not by detergent. In contrast, the mt endonuclease, a 29 kDa polypeptide, targets long guaninexytosine tracts, but also extensively attacks other sequences in duplex and ssDNA, at least under conditions of low ionic strength, and can be released from mitochondria with detergent. Since the nicking at the CSB-II sequence could represent an important function that the mitochondrial endonuclease has acquired in mammalian cells, we have directly compared the nucleotide sequence specificity, substrate preferences, and other enzymatic properties of the purified mt endonuclease from bovine heart with those of nuclear Endonuclease G from calf thymus. The results from this study indicate that without exception, Endonuclease G appears biochemically identical to the mt endonuclease. In addition, peptides prepared from the purified mt endonuclease share sequence identity with segments of Endonuclease G. These findings agree strongly with the recent report of Ruiz-Carrillo and Cote (20) that the nucleotide sequence of the gene for Endonuclease G shows significant sequence identity with that of the mt endonuclease gene of yeast (21) , NUC1, and that an antibody prepared against a synthetic peptide corresponding to a segment of Endonuclease G, localizes most of the enzyme within the cell to the mitochondria.
MATERIALS AND EXPERIMENTAL PROCEDURES

Chemicals, nucleic acids and commercial enzymes
Chemicals and other reagents were obtained from sources previously cited (2) unless otherwise indicated. Acrylamide and N,N-methylene-bis-acrylamide were purchased from BioRad Laboratories. The plasmid Bov\ (16) consists of the 4.9 kb EcoRi-Clal restriction fragment of bovine mtDNA [nuc. 12412-990 (22) ], cloned into pBR322. The plasmids pRW1240, pRW756 and pRW1404 (see Table 3 below) contain polypurine tracts as previously described (23) , and were kindly provided by Dr Franz Wohlrab of the University of Alabama at Birmingham. All restriction endonucleases and T4 polynucleotide kinase were purchased from New England Biolabs and used as recommended by the supplier.
Partial purification of Endonuciease G from calf thymus nuclei
Calf thymuses (each 350 gm on average) were obtained fresh from a local supplier (Monfort Biologicals, Greeley, CO). Tissue was transported at 0°C and all subsequent steps were carried out at 4°C. Endonuclease G was partially purified 300-fold using a modification of the procedure of J. Cote et al. (19) . Each calf thymus was homogenized for three 30 s intervals in a Waring blender (at the fastest setting) in 1500 ml of 20 mM HEPESNaOH (pH 7.4), 20 mM EDTA, 1 mM dithiothreitol, 0.4 mM phenylmethylsulfonyl fluoride, 2 mM sodium metabisulfite, 1 U. M leupeptin (Sigma Chemical Co.) (Buffer A), plus 0.93 M sucrose. The homogenate was successively filtered through 2,4, 8 and 12 pieces of layered cheese cloth, and the nuclei collected over a cushion of 1.61 M sucrose in buffer A [as described (19) ] in a Sorvall HS-4 rotor at 4500 r.p.m. for 20 min. The nuclei were washed once in 0.25 M sucrose in buffer A, resuspended in 1.5 volumes of 10% (w/v) glycerol in buffer A, and disrupted by the slow addition of an equal volume of 0.6 M KC1. The lysate was then clarified at 35 000 x g in a Beckman JA-20 rotor for 60 min and applied to a 7 x 7 cm DEAE-cellulose column to remove contaminants of DNA. The flow-through fraction (Fraction II) was collected and the protein precipitated with 30-60% saturated (0.16-0.36 g/ml) ammonium sulfate. The precipitate was collected at 20 000 x g for 30 min, resuspended in 10 ml of 0.3 M KG, 10% (w/v) glycerol in buffer A (Fraction III), and frozen in liquid nitrogen and stored at -80°C.
A 2 ml aliquot of the Fraction III was thawed at 0°C, dialyzed for 3 h against 100 mM KC1,10% (w/v) glycerol, in buffer A, and applied to an 8 x 2 cm DEAE-cellulose column. The flowthrough fraction, containing the Endonuclease G activity, was then loaded onto a 4 x 1 cm phosphocellulose column, and washed with a linear 50-600 mM KC1 gradient. Endonuclease G activity eluted near 100 mM KC1 and was precipitated by the addition of 70% saturated (0.436 g/ml) ammonium sulfate. The protein precipitate was resuspended in 100 u,l of 200 mM KC1, 10% (w/v) glycerol in buffer A (Fraction VI), and applied to a 28 x 0.5 cm Sephacryl S-200 column. Endonuclease G eluted as a single symmetric peak of activity along the tailing edge of the major protein peak, and at an elution volume (V e ) consistent with an apparent molecular weight of 60-kDa (2).
Partial purification of the mitochondrial endonuclease from adult bovine heart
The mt endonuclease was purified 1000-fold from isolated bovine heart mitochondria as described (14) , except that fractionation over two successive Sephacryl S-200 columns was used before chromatography on ssDNA-cellulose.
Acid-solubilization, agarose-gel and DNA sequencing-gel assays of endonuclease activity
The acid-solubilization assay measures the fragmentation of isotopically labeled single-stranded (ss) and double-stranded (ds) DNA substrates into oligonucleotides that are soluble in 10% (w/v) trichloroacetic acid (2) . Each 40 (2) . Each 40 u.1 reaction mixture contained 25 mM HEPES-NaOH (pH 7.5), 0.1 mg per ml of bovine serum albumin, 1 mM dithiothreitol, 1 mM MnCl 2 , 3% (w/v) glycerol, 2.5 ng of Bov\ DNA and endonuclease as indicated. Reactions were incubated for 30 min at 37°C and stopped by the addition of 1 % (w/v) sodium dodecyl sulfate. The extent of template degradation was assessed on a 150 ml 1.5% (w/v) agarose gel run for 12 h at 1-2 V/cm in 40 mM Tris-acetate (pH 8), 2 mM EDTA. Gels were stained with 1 (ig/ml ethidium bromide and photographed under UV illumination using Kodak Polaroid film, type 57. One unit of nicking activity is the amount of enzyme that converts 50% of the input DNA to the nicked circular form in 30 min at 37°C.
Maxam-Gilbert sequencing gels were used to assess the nucleotide sequence-specific cleavage by the endonucleases (24) . Each 50 u.1 assay contained 25 mM HEPES-NaOH (pH 7.5), 1 mM MgCl2, 1 mM dithiothreitol, endonuclease as indicated and a singly [5'-32 P]end-labeled restriction fragment of plasmid DNA (=10 000 d.p.m.). Reactions were terminated by the addition of 0.1% (w/v) sodium dodecyl sulfate, I (lg of carrier Bov\ DNA was added, and the digested DNA phenol purified and ethanol precipitated. DNA samples, once resuspended in 8 \i\ of 25 mM EDTA, 1% (w/v) bromophenol blue, 0.1% (w/v) xylene cyanol, 90% (v/v) formamide, were heated at 90°C for 2 min, and run through a 12% (w/v) polyacrylamide sequencing gel (acrylamide:bisacrylamide 19:1) containing 7 M urea and 200 mM Tris-borate (pH 8.3), I mM EDTA. Electrophoresis was performed at 50 W for 1-3 h in 100 mM Tris-borate (pH 8.3), 1 mM EDTA. Gels were analyzed by autoradiography overnight using Kodak XR5 film and an intensifying screen (DuPont). Each gel was also scanned using a Molecular Dynamics phosphorimager and the data calculated with Molecular Dynamics software: Image Quant tm v.30. Band intensities are expressed as integrated volume measurements where the observed volume is directly proportional to d.p.m. of
Protein assays
Protein concentrations were measured by the Coomassie brilliant blue method of Bradford (25) using bovine serum albumin as a standard.
RESULTS
Endonuclease G extensively degrades both duplex and ssDNAs in vitro as previously shown for the mitochondrial endonuclease
Endonuclease G was partially purified 300-fold from calf thymus nuclei in the absence of detergent (Table 1 ) and the biochemical properties of the enzyme compared to those of a fraction of the mitochondrial endonuclease purified 1000-fold from mitochondria of adult bovine heart. The Endonuclease G was initially extracted from freshly isolated nuclei using a treatment of 350 mM NaCl (19) , and fractionated by ammonium sulfate precipitation, phosphocellulose chromatography and Sephacryl S-200 gel filtration. On Sephacryl S-200, the Endonuclease G eluted as a single symmetric peak of activity which preceded a minor peak of a second endonuclease activity. This latter activity was not further characterized. The elution of Endonuclease G appeared identical to that of the bovine-heart mitochondrial endonuclease run under the same conditions (2) . As previously reported for the mt endonuclease (16), the Endonuclease G activity identified by nicking of the mt (G)i2 locus coincided with activity that will also extensively degrade both M13 [ In the latter assay with the M13 ssDN A, the release of acid-soluble ssDNA fragments is proportional to the amount of the Fraction VII of the Endonuclease G added, in the range of 0.01-0.10 \ig (Fig. 1) , and the rate of release constant for at least 30 min. At levels of endonuclease below 0.04 |ig, the enzyme shows more activity with the ssDNA substrate compared with duplex DNA. The higher activity found with ssDNA also matches the preference for ssDNA reported with limiting amounts of the mitochondrial endonuclease (2) , and likely reflects a tendency of both enzymes to introduce scissions into only one DNA strand during each catalytic event. At higher levels of Endonuclease G (e.g., above 0.04 \ig), however, there is comparable degradation of both ss and dsDNA substrates, similar to that observed for the bovine mt endonuclease (2) .
This similar cutting pattern between Endonuclease G and the mt endonuclease is even more apparent when the degradation of a duplex, supercoiled plasmid DNA substrate by each enzyme is compared using agarose gel electrophoresis to visualize the distribution of DNA products. As seen in the gel photograph in Figure 2A , low levels of Endonuclease G (1-5 ng) convert the supercoiled DNA to the nicked circular form, while at higher levels of enzyme (30-50 ng) the nicked circles once produced are then converted to the full length linear form and less than full length intermediates. With 100 ng of the Fraction VII enzyme, the input DNA is entirely degraded to short fragments less than 2 kb in length. As shown in Figure 2B and ref. (16), increasing amounts of the mt endonuclease produce this same pattern of DNA hydrolysis. Furthermore, as was also found for the mt endonuclease (2), the degradation of both ss and duplex DNA by Endonuclease G is markedly and similarly inhibited by increasing concentrations of salt (i.e., KC1) (Fig. 3) . With the duplex, supercoiled DNA substrate, levels of KC1 at and above 50 mM prevent the extensive degradation of the DNA seen in the absence of added salt. By 150 mM KC1, the DNA circles are still nicked, but not linearized (Fig. 3B) . With the ss[ 3 H]]DNA substrate, the release of acid-soluble fragments by Endonuclease G is inhibited 50% at about 40 mM KC 1 (Fig. 3 A) . These and other similarities between the enzymes, in terms of cation preference and sensitivities to N-ethylmaleimide and heat, are summarized in Table 2 . MgCl2 and MnCl2 (0-10 mM) were titrated with both enzymes using the ssDNA acid solubilization assay. Maximal activity of both endonucleases occurred between 1 and 3 mM MgCl2 or MnCl2. With both enzymes, 1.5 mM MnCl2 promoted about eight times the maximal activity seen with 1.5 mM MgCl2.
C KCI (0-150 mM) was assayed with both enzymes using the ssDNA acid solubilization assay. d Temperature sensitivity was estimated by heating both enzymes to 48°C and measuring activity at 0,2,5,10 and 20 min intervals using the ssDNA acid solubilization assay. e N-ethylmaleimide (0-5 mM) sensitivity was quantitated with both endonucleases using the ssDNA acid solubilization assay.
•Specific activity is the ng of ss The nuclear Endonuclease G and the mitochondrial endonuclease attack the nucleotide sequence of duplex DNA identically
The specificity of each endonuclease to attack the nucleotide sequence of duplex DNA was compared using several singly [5'-32 P]end-labeled restriction fragments of plasmid DNA that either contain or lack runs of consecutive guanine residues (Table  3 ). Nicking at specific nucleotide residues was assessed by sequencing gel electrophoresis and autoradiography, and the extent of cleavage at specific sites quantitated by phosphorimaging densitometry. As the patterns of cleavage in Figure 4 indicate, Endonuclease G nicks the nucleotide sequence in each substrate identically to that of the mt endonuclease. The autoradiogram in 9) , as indicated. Reactions in lanes 1-9 contained 75 mM NaCl, while those in lanes 10 and 11 were carried out with no added salt. Sites of prominent nicking include the G12 tract (labeled #1), a G2 site (labeled #2), and two G3 tracts (labeled #3 and #4). These were identified from the G and G+A Maxam-Gilbert sequencing ladders and published sequence (22) , as previously reported (16) . Extents of nicking within the G12 sequence tract were quantitated by phosphorimaging analysis (B) for Endonuclease G (D'D) and the mt endonuclease (A-A). The location of these prominent nicking sites in the published nucleotide sequence (22) are indicated in (C). Figure 4 compares the cleavage by each enzyme of the 169 bp Hpa\-Dra\ restriction fragment of bovine mtDNA sequence that contains the (G)i2 sequence tract of the displacement-loop region which the mt endonuclease has been previously shown to target in vitro (16, 26) . Both endonucleases selectively and similarly target the (G) 12 sequence tract (labeled 1) under conditions where the extent of cleavage at this locus is proportional to the amount of enzyme (Fig. 4B) . However, the mt endonuclease shows about a 10-fold greater specific activity than that of Endonuclease G in this assay. This difference is three times more than the acid-solubilization assay measurements indicate. Endonuclease G has been reported to be smaller than the mt endonuclease, 26-versus 29 kDa (19) . Possibly, proteolysis of Endonuclease G from calf thymus has decreased the enzyme's rate of nicking within tracts of guanine residues without altering its overall preference to attack specific sequences. When the concentration of monovalent salt is lowered in the reaction mixture to allow cleavage at other less favored sites (lanes 10 and 11, respectively), for example, the same pattern of cleavage at minor sites (denoted by arrows) is produced by each enzyme. Minor cleavage sites labeled 2, 3 and 4 correspond to guanine triplets, Figure 4C , confirming the preference of each enzyme to favor attack at guanine residues (16, 18) . Both Endonuclease G and the mt endonuclease also produce the same pattern of selective cleavage in the (G)23 sequence tract of the 226 bp Cla\-Pvu\ restriction fragment of pRW1240 (see Table 3 ) (not shown). Within this run of consecutive guanines, the eleventh guanine residue in the middle of the tract is preferentially and identically nicked by both endonucleases.
The specificity of each endonuclease to cleave within nucleotide sequences that lack long runs of consecutive guanine residues was also compared using a singly [5'-32 P]end-labeled 311 bp Sphl-EcoRl restriction fragment of plasmid pRW756. As shown in Figure 5A , both endonucleases produce identical patterns of nicking with this restriction fragment. For instance, both Endonuclease G and the mt endonuclease show the same relative preferences to nick at sites 9, 2 and 1 in the nucleotide sequence ( Fig. 5B and C, respectively) . These cleavage sites correspond to short runs of cytosine residues (Fig. 5) , which confirms earlier observations that the complementary cytosine residues of guanine tracts are also cleaved (16) . Additional nicking sites for each enzyme correspond to two thymine residues (denoted 6 and 7). Of interest, neither endonuclease preferentially targets the unusual run of (GC)i i that resides in this DNA fragment. 
The mitochondrial endonuclease co-purifies with mitochondria isolated through successive runs of sucrose gradient sedimentation
The mitochondrial origin of the endonuclease was confirmed by showing that the endonuclease activity co-sedimented with a sample of bovine-heart mitochondria that had been purified over not one, but three successive linear sucrose gradients. This procedure removes lysosomes and fragments of nuclear chromatin that invariably contaminate preparations of mitochondria collected by repeated steps of differential centrifugation (4) . The assays performed on fractions from the third sucrose gradient, as shown in Figure 6 , indicate that the endonuclease activity, measured by guanine tract nicking, co-purifies with the mitochondrial marker enzyme cytochrome oxidase, and with the mtDNA. Figure 6 . Co-sedimentation of the mt endonuclease with mitochondria purified through successive linear sucrose gradients. Bovine heart mitochondria were first collected from mechanically disrupted tissue through a standard series of differential centrifugation steps, as previously described (2) . A 15 ml sample of the final mitochondrial suspension was diluted 1:1 with 30 mM Tris-HCI (pH 7.5), 75 mM NaCI, and 10% (w/v) sucrose (buffer B), layered over two identical 30-ml linear 0.5-2 M sucrose gradients in 30 mM Tris-HCI (pH 7.5), 75 mM NaCI, and centrifuged for 3 h at 20 000 r.p.m. in a Beckman SW 28 rotor. The mitochondria (5 ml) were collected from each tube, diluted 10-fold in buffer B, and then pelleted at 12 000 r.p.m. for 20 min in a JA-20 rotor. Once gently resuspended in a total of 30 ml of buffer B, the mitochondria were again centrifuged through a second set of two 30-ml linear sucrose gradients, prepared and run under the same conditions as before. A 10-ml portion of these mitochondria were then sedimented through a third, identical sucrose gradient under the same conditions. Assays performed on the I -ml fractions of this third gradient are shown. Agarose-gel endonuclease assays each contained 20 mM HEPES-NaOH (pH 7.5), 8 mM Mg(OAc) 2 , 0.5 ng of Bov\ DNA, a 0.5 ul sample of the gradient fraction (lysed with 2% N-octylglucoside) and were otherwise carried out for 30 min at 37°C as detailed in Experimental Procedures. Sequencing-gel endonuclease assays contained the [5'-32 P]singly end-labeled 169 bp Dral-Hpal restriction fragment of Bov\ DNA and were carried out as described in ExperimentaJ Procedures. Cytochrome oxidase activity was measured spectrophotometrically as detailed (4) . MtDNA was detected by Southern blot hybridization (27) , by the procedure outlined (26), using a dot-blot apparatus (Schleicher and Schuell). In this analysis, the mtDNA from a 10 Hi sample of each fraction was phenol purified, ethanol precipitated, resuspended in 50 ul of water, treated with 0.25 M NaOH for 10 min at ambient temperature, and then neutralized with 1 M ammonium acetate (pH 7), prior to adsorbing the sample to the nitrocellulose membrane. The probe for hybridization was a [ The amino acid sequence of peptides from the mt endonuclease match those predicted from the Endonuclease G gene In order to examine more closely whether Endonuclease G is identical to the mt endonuclease, a partial sequence of the mitochondrial endonuclease was compared with that predicted from the nucleotide sequence of the Endonuclease G gene. For this analysis, the mitochondrial endonuclease was purified 1000-fold from adult bovine-heart mitochondria, and the 29-kDa monomer of the enzyme isolated by denaturing gel electrophoresis followed by electrophoretic transfer of the protein to nitrocellulose. Five peptides prepared from a tryptic digest of the isolated polypeptide were then sequenced. As shown in Figure 7 , the amino acid sequences of the five peptides, spanning 72 amino acids of the mitochondrial endonuclease align almost perfectly with those of peptides predicted from the nucleotide sequence of the Endonuclease G gene. As seen, only two of the amino acids are different. These correspond to serines in the mt endonuclease instead of histidines at the amino acid positions 172 and 264 of Endonuclease G.
DISCUSSION
Three lines of evidence indicate that the Endonuclease G activity identified in calf thymus nuclei is strongly related or identical to the major endonuclease activity present in mitochondria. The first comes from the striking similarity between the biochemical properties of the two enzymes. As shown in this study, Endonuclease G isolated from calf thymus nuclei, and the mitochondrial endonuclease from adult bovine heart, display enzymatic properties that look essentially the same. Endonuclease G, like the mt endonuclease (2), extensively degrades both ss and dsDNAs into acid-soluble fragments under assay conditions of low ionic strength. At moderate ionic strength, both enzymes display a striking preference to nick within long tracts of consecutive guanine and cytosine tracts. Both endonuclease activities show the same relative levels of activity on ss versus dsDNA substrates at both low and moderate ionic strength, the same preference for Mn 2+ over Mg 2+ , and both exhibit similar sensitivities to heat inactivation at 48°C as well as to N-ethylmaleimide. Even more telling of their identity, both endonucleases attack the nucleotide sequence of natural DNA in an identical and non-random fashion, generating patterns of cleavage at major and minor sites which are indistinguishable from one another.
Further evidence that Endonuclease G is the same as the mitochondrial endonuclease comes from the intracellular localization of Endonuclease G to the mitochondria (20) , and the confirmation that the mitochondrial endonuclease is mitochondrial in origin. As we showed in the present study, the mt endonuclease remains strongly associated with whole mitochondria that have been purified through successive, linear sucrose gradients and is not a nuclear or lysosomal contaminant. Furthermore, the mitochondrial endonuclease can be identified bound to an isolated complex of mtDNA and mtDNA replicative proteins that is free of contaminants of nuclear DNA (unpublished data). The association of Endonuclease G with mitochondria on the other hand has been demonstrated by the reported immunohistological staining of the enzyme in situ (20) . Furthermore, Cote and Ruiz-Carillo have identified a putative mitochondrial targeting sequence within the nucleotide sequence of the Endonuclease G gene (20) . The presence of this endonuclease The strongest line of evidence that both endonucleases are the same comes from the identity between the amino acid sequence of peptides obtained from the purified bovine-heart mitochondrial endonuclease and those predicted from the published nucleotide sequence of the Endonuclease G gene (20) . Among five peptides, encompassing stretches of 72 amino acids, there is a near perfect match with the corresponding protein sequence of Endonuclease G. Only two discrepancies were found and these are likely errors in the peptide sequencing of the mt endonuclease which had suggested serine residues at amino acid positions 172 and 264 instead of histidines. This identity has been confirmed by finding a near perfect match between the protein sequence of Endonuclease G with that of a 108 amino acid segment of the rat mitochondrial endonuclease, the latter being determined from the sequence of a PCR-produced 425 bp fragment of rat cDNA (unpublished results).
The physiologic role of the mammalian mitochondrial endonuclease (Endonuclease G) still remains uncertain, since the deletion of the gene for the mt endonuclease in Saccharomyces cerevisiae [denoted NUC1 (21) ], provides no phenotype or obvious derangement in the metabolism of mtDNA (31) . This result is even more puzzling now that it is known that the mammalian (2, 13, 20) , yeast (6) (7) (8) (9) (10) , Neurospora (4,5) and other vertebrate mitochondrial endonucleases (11) share many biochemical characteristics with one another, and that many of these enzymes are likely related in terms of the nucleotide sequences of their genes (20, 21) . This apparent conservation of the endonuclease during evolution implies that the enzyme activity assumes an important, if not indispensable function within the mitochondrion. Possibly there is a redundancy in the endonuclease's activity in vivo that will allow the enzyme in yeast, at least, to be lost.
One potential role for the endonuclease could be to selectively degrade mtDNA circles that are oxidatively damaged (2, 13) . This possibility is suggested both the ability of the endonuclease to degrade duplex DNA in a processive manner (5, 10) , and from unexpected, large variations in the level of the mt endonuclease activity (per mtDNA circle or per mg of mt protein) that have been observed among the mitochondria of major rat tissues (32) and during rat heart development (33). These variations in the level of endonuclease activity seem to correlate with the relative rates of tissue metabolism and by inference to rates of oxidative injury to mtDNA. The selective degradation of oxidatively damaged mtDNA by the endonuclease could be critical in mammalian cells, where the rates of oxidative injury to mtDNA are high (34) and the preservation of a pool of undamaged mtDNA essential for the continued assembly of a functional respiratory chain.
Alternatively, the endonuclease could participate in a pathway to remove damage from individual mtDNA circles, possibly via recombination. This model has been suggested from studies of the mt endonuclease in lower eucaryotes. Mutants of yeast (35) , Neurospora (36) and Drosophila (37) have been identified which are sensitive to agents that damage DNA and that are partially deficient in mt endonuclease activity. In the case of Neurospora and Drosophila, however, the mutations apparently do not occur in the mt endonuclease gene, but effect an activity required for activation of the endonuclease in vivo. In addition to finding these Neurospora mutants, Fraser and his colleagues have reported some intriguing sequence identity between the NUC1 gene in yeast and a bacterial gene known to be involved in recombination mediated DNA repair, the RecC gene of E.coli (38) . They have also shown that an antibody prepared against the RecC protein cross reacts with the major mitochondrial endo-exonuclease of Neurospora. While the mitochondrial endonucleases in Neurospora, yeast and presumably other lower eucaryotes, show a capacity to produce long single-stranded (ss) gaps in duplex DNA that could provide substrates for recombination, there is still, however, no firm genetic or biochemical evidence yet that a recombination mtDNA repair pathway exists. In mammalian mitochondria, the mt endonuclease does not seem to create long ss gaps in DNA and there is no evidence that recombination between mtDNA circles occurs at all (39) . Possibly, this is an area where the fungal and mammalian mt endonucleases have acquired different functions.
Although the mammalian endonuclease may not promote recombinational repair of mtDNA, the enzyme could participate actively in mtDNA replication in addition to serving a role in the removal of damaged mtDNA circles. This has been suggested by the selective targeting of the e volutionarily conserved (G) 12: (C) 12 tract in the D-loop region near the origin of mtDNA replication, where the endonuclease could carry our a site-specific function in vivo (16) . Transient endonucleolytic cleavage of the mtDNA by the endonuclease at this site for example, could be required to separate or decatenate the mtDNA circles from one another at the completion of H-stand synthesis during the mtDNA replicative cycle. Recently, Cote and Ruiz-Carillo have proposed another model in which the mitochondrial endonuclease acts not as a DNase, but as a site-specific RNase H (20) . They show that the bovine Endonuclease G will nick the RNA stand of a RNA:DNA duplex in vitro in a site-specific manner, and suggest that this 'RNase H' [not the MRP endoribonuclease (40) ] serves to process light (L)-strand transcripts into primers at the origin for H-strand synthesis (OriH). There are two potential problems with this model. First, the mitochondrial endonuclease (Endonuclease G) should not be denoted an RNase H since the enzyme is not specific for the RNA strand of an RNA:DNA heteroduplex. The enzyme avidly nicks DNA as well. Second, the (G)|2:(C) 12 target sequence for the endonuclease in the bovine mt genome, unlike that in the mouse (41) , is located at the border of the D-loop region with the tRNA Phe gene, not where primer processing would be predicted to be occurring in vivo. While the role(s) of the mitochondrial endonuclease still remains elusive, the development of new assays to study the biochemistry of mtDNA repair and replication in vitro should make it possible to better understand how the mitochondrial endonuclease actually functions during the metabolism of mtDNA in vivo.
